Polymorphisms in reproductive strategies are among the most extreme and complex in nature. A prominent example is male body size and the correlated reproductive strategies in some species of platyfish and swordtails of the genus Xiphophorus. This polymorphism is controlled by a single Mendelian locus (P) that determines the onset of sexual maturity of males. Because males cease growth after reaching puberty, this results in a marked size polymorphism. The different male size classes show pronounced behavioral differences (e.g., courtship versus sneak mating), and females prefer large over small males. We show that sequence polymorphisms of the melanocortin receptor 4 gene (mc4r) comprise both functional and non-signal-transducing versions and that variation in copy number of mc4r genes on the Y chromosome underlies the P locus polymorphism. Nonfunctional Y-linked mc4r copies in larger males act as dominant-negative mutations and delay the onset of puberty. Copy number variation, as a regulating mechanism, endows this system with extreme genetic flexibility that generates extreme variation in phenotype. Because Mc4r is critically involved in regulation of body weight and appetite, a novel link between the physiological system controlling energy balance and the regulation of reproduction becomes apparent.
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Results
Understanding the genetic basis of polymorphisms, which can render individuals within a species seemingly more different than those between species [1] , is a prerequisite to understand both their biological function and evolution. The winged-wingless dimorphism and its contingent migratory behaviors in insects have long been thought to be under control of a single gene [2] . Recently, a monogenic basis of a complex phenotype has been revealed for the rover/sitter polymorphism in Drosophila melanogaster. This is controlled by the for gene, which encodes a cGMP-dependent protein kinase [3] , whereas homologous genes control foraging in honeybees [4] and the major/minor polymorphism in ants [5] .
Polymorphisms in reproductive tactics within species are of special interest. In many cases, males exhibit extreme polymorphisms in morphologies, physiologies, behaviors, and life histories that promote reproduction by either conspicuously courting females or attempting to enforce copulations. There has been, however, little evidence that these characters have a strong (and simple) genetic underpinning [6] .
A prominent example of polymorphism in reproductive strategy is male body size and the resulting behavioral diversity in two swordtail species of the genus Xiphophorus. Male X. nigrensis and X. multilineatus exhibit three main size classes: small, intermediate, and large [7, 8] (see Figure S1 available online). These body size differences are linked to a cascade of behavioral differences critical to the individual's evolutionary fitness. Large males defend territories that are visited by receptive females, whereas small males move among territories, readily expelled by larger males, while they search for females [9] . Larger males are better able than smaller males to maintain their locations in the high streamflow that characterizes some of these territories. Whereas large males court females in a ritualized fashion, small males do not court but perform ''sneak matings'' [10, 11] . Intermediate males court or sneak mate depending on their relative size compared to their opponents. Females clearly prefer large courting males, which thus have greater mating success in the wild [9, 12] . The estimated lifetime reproductive success of small versus large males, however, is equal, because the advantage of large male mating success is balanced by the advantage of faster-maturing small males being more likely to survive to maturity. Thus, the polymorphism is maintained by balancing selection [13] .
Variation in body size in male Xiphophorus is linked to mechanisms triggering puberty. Because males cease to grow when they reach puberty, adult male body size is correlated with the time of sexual maturation: early-maturing males stay small, whereas late-maturing males grow large [14, 15] . Females, on the other hand, continue to grow throughout their lives [14] . Although most polymorphisms in reproductive strategies are facultative, being regulated by age, condition, or social environment, the Xiphophorus polymorphism is controlled by a single Mendelian locus that determines the onset of sexual maturity of males. This gene was called ''pituitary locus'' (P) because it was hypothesized to influence the hypothalamicpituitary-gonadal (HPG) axis [8, 14, 16, 17] .
The P locus was assigned to the sex chromosomes in the southern platyfish, X. maculatus [14] . A gene with several copies in the P region is the melanocortin 4 receptor (mc4r) gene [18] . Mc4r is a seven transmembrane G protein-coupled receptor. In mammals, Mc4r is expressed in the hypothalamus [19] and is involved in energy budget regulation through regulation of food intake [20] . A link to the hypothalamo-pituitary-gonadal axis is also likely [21] , because Mc4r mediates leptin signaling, leading to gonadotropin releasing hormone production [22] , and is implicated in sexual function [23, 24] . Thus, we hypothesized that the mc4r cluster on the X. maculatus sex chromosome is the long-sought P locus.
Unfortunately, further analysis in this species is complicated by the fact that the mc4r cluster is present on the X and Y chromosomes, comprising up to 20 different copies even within an inbred strain of platyfish (C.S., J.-N.V., and C.H., unpublished data). Similarly, nine different alleles of the P gene have been identified. Thus, male platyfish show a continuous size range as a result of the large allele number [25] . To avoid these confounds, we focused our investigation on the abovementioned X. nigrensis ( Figure 1A ) and X. multilineatus, which exhibit only three P-determined male size classes [12, 25, 26] .
Copy Number Variation and Allele Classes of the Melanocortin 4 Receptor
To determine whether mc4r is involved in controlling the onset of puberty, we cloned the mc4r genes from X. nigrensis and X. multilineatus (Table S1 ). We found a large number of different alleles, indicating that mc4r is remarkably variable in these fish. Despite the high levels of allelic variability, however, the amino acid sequences of Mc4r in humans and Xiphophorus are highly conserved at functionally important positions [27] .
The identified alleles constitute three major classes, A, B1, and B2, differing in the C-terminal intracellular region (Figure 1B) . Although A alleles most closely resemble the functional mc4r of other vertebrates [28] , B alleles lack two cysteine residues in the C-terminal region. In addition, B2 alleles have another four base deletion, leading to a frameshift and consequently an elongated carboxyl terminus.
A alleles were present in all animals investigated. Females had one or two different A alleles, whereas males had a maximum of four. Interestingly, very few different A alleles were found at all. We identified a total of 12 very similar A alleles within all the cloned and sequenced individuals (n = 16). One of the alleles was present at high frequency and was found in almost all individuals (evenness A alleles = 0.19).
Remarkably, B alleles were found (Table S1 ) only in males. They were present in all large and intermediate males, but in only some small males. Other small males lacked B alleles but are homozygous for A alleles, as are the females. Large males had up to 11 different B alleles. There was substantially greater variation in number of B versus A alleles (B1 = 19, B2 = 8; allelic richness: A = 12, B = 22). Also, in contrast to A alleles, no individual B allele was found to be abundantly present; instead, they were more evenly distributed among individuals (evenness: B1 = 0.40, B2 = 0.63). Intriguingly, B allele variability (27 alleles in 16 individuals) was found to be as high as major histocompatibility complex variability reported for poeciliid fish [29, 30] .
In X. nigrensis and X. multilineatus, sex determination usually follows an XY pattern. An exception is XX males, which arise from the action of an autosomal modifier [31] . XX males are restricted to the small size class and are phenotypically indistinguishable from small XY males. Small males that were homozygous for A alleles were XX males (data not shown). This links the mc4r allele classes to the genetic sex-determining system, with A alleles containing X chromosomes and B alleles always assigned to the Y chromosome (c 2 = 15.357, df = 1, p < 0.001).
Correlation of Male Body Size and mc4r Allele Copy Number Individual size was not linked to a specific allele group or a specific allele within a group. Instead, Southern blot analysis revealed that male size seemed to be correlated with B allele number ( Figure S2 ). This finding was confirmed by cloning and sequencing mc4r genes from individuals of all size classes (Table S1 ) and by denaturing gradient gel electrophoresis (DGGE) analysis that included a total number of 277 individuals (X. multilineatus: 76 males, 25 females; X. nigrensis: 103 males, 73 females). Although females never showed any B alleles, male body size was correlated with B allele copy number (Figure 2 ). More than half of the variation in adult male size is explained by B allele copy number (r 2 = 0.50 -0.60). Although other minor genetic and environmental factors might influence male size, the number of Y-chromosomal mc4r B alleles seems to be of predominant importance.
Higher Expression of mc4r in Large and Intermediate Males
Expression of mc4r in X. nigrensis and X. multilineatus was found preferentially in the brain ( Figure 3A) . Intriguingly large and intermediate males had 10-to 15-fold higher levels than females ( Figure 3B ). Small XX males had low expression, similar to females. Small XY males displayed higher transcript levels than XX males but lower transcript levels than intermediate and large males. The high level in large and intermediate males was reached prior to puberty, persisted during sexual maturation, and was maintained during the entire lifetime ( Figure 3 and data not shown) . Allele-specific real-time quantitative polymerase chain reaction revealed that the higher expression in larger males is contributed by the Y-linked B alleles ( Figure 3C ). The small XX males showed only expression of A alleles and at similar levels as females. Consistently, the small XY males had lower levels of B allele expression than the intermediate and large males.
Signal Transduction Capacity versus Nonfunctionality of A and B Alleles
The most obvious difference between the A and B alleles is the presence or absence of a dicysteine motif in the C-terminal region of the protein ( Figure 1B ). This CC motif is highly conserved in vertebrate mc4r genes [32] . Such a motif is frequently found to determine the end of helix VIII of G protein-coupled receptors and is often lipid-modified by palmitoylation [32] [33] [34] . The CC motif is thought to stabilize the additional cytoplasmic helix VIII, probably by anchoring the protein tail to the membrane. This helix appears to play a critical role in receptor activation; thus, mutations of the CC motif could lead to disruption of receptor signaling, internalization, and desensitization [34] . To test the hypothesis, we established HEK cells that stably express the A or B forms of X. nigrensis Mc4rs. These cell lines were monitored for receptor-dependent second messenger production and reporter gene expression in response to stimulation with melanocortin. We found that receptors encoded by both types of B alleles could not be stimulated, whereas when stimulated by the ligand, receptors exhibited both higher cAMP production in membrane preparations ( Figure 4 ) and reporter gene activation ( Figure S3 ). This indicates that A alleles are functional, whereas the two B allele classes encode receptors that are incapable of transmitting a receptor signal. When functional and nonfunctional alleles were stably coexpressed in the same cell, higher levels of B allele expression decreased the reporter gene expression level of A alleles (Figure 4 ; Figure S3 ).
Discussion
The basis for a crucial role of mc4r in puberty onset in Xiphophorus fish is the presence of multiple copies that encode different isoforms. We speculate that non-signal-transducing Mc4r variants (encoded by B alleles) reduce the formation of functional Mc4r dimers or sequester the MSH ligand and therefore delay the onset of puberty. The number of B alleles in the genome is clearly correlated to adult male body size. A possible explanation is that the signal from functional Mc4rs needs to reach a certain level before the HPG axis is upregulated and sexual maturation is initiated. The threshold is reached early in females and in the small males homozygous for the functional A alleles. B alleles would delay the onset of puberty by diminishing the signal from the functional A alleles. The more B alleles present, the longer it would take until the threshold is reached. The longer it takes for a male to start puberty, the larger it will be as an adult. Interestingly, a naturally occurring nonfunctional truncated receptor variant has also been described for the G protein-coupled ghrelin receptor, with respect to downstream signaling. Like the B alleles forms of the Xiphophorus Mc4r, the truncated ghrelin receptor is expressed and diminishes the signaling of the wild-type receptor by acting as a dominant-negative mutant [35] .
Although B forms of the melanocortin 4 receptor are nonfunctional as signal transducers, there appears to be selection on the gene to produce a structurally intact protein.
In no case did we find stop codons or mutations that would compromise the production of Mc4r proteins. We interpret this as indicative that either the protein itself is involved Figure S2 and Table S1 .
in the molecular mechanism, e.g., as a dominant-negative version implicated in downregulating the signal transmitted through the A allele-encoded receptor, or that the B allele gene products still have a very low biochemical activity that could not be measured but is sufficient and necessary to transmit a basal level signal in males. Our findings that polymorphisms and copy number variation of the mc4r gene are linked to the onset of puberty in male Xiphophorus fish are consistent with a connection between energy balance and reproduction. In general, the onset of sexual maturation is more closely associated with body growth than with chronological age, because inadequate nutrition retards growth and delays sexual maturation [36, 37] . The hormonal system conveying metabolic information to the brain centers that govern reproductive function is highly complex and has yet to be fully explored. Leptin, a hormone derived from adipose cells, appears to play a key role in mediating this connection through a putative leptin-kisspeptin-gonadotropin-releasing hormone pathway [38, 39] . In the hypothalamus, the regulation of energy balance critically involves the Mc4r system [40] . The melanocortins have been suggested to participate in the downstream events of leptin signaling events [41] . Thus, changes in the Mc4r system could be expected to have an effect on the onset of puberty.
In Xiphophorus, male mating behavior is correlated with adult size, so the polymorphism in mc4r genotype also results in a behavioral polymorphism. Female preference for large males likely exerts selection on mc4r B allele copy number. An interaction between female mate choice and male genetic polymorphism has been proposed for other animal groups [42] [43] [44] . In no other system, however, is the link between reproductive success in the wild, female mating preferences, and genes that contribute to phenotypic variation subject to sexual selection as obvious as it is here in Xiphophorus. In addition, the dosage-dependent effect of mc4r copy number makes the system extremely flexible. Copy number variation, which became a recent focus in human genetics, might be a general mechanism regulating complex phenotypes.
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